The results of visual inspection of welds in structures and machines depend on both the vision of the inspector and his/her measurement skills. The use of 3-D reconstruction technologies, as the structured light system (SLS), allows the accurate assessment of the weld bead according to the quality criteria. With the proposed procedure in this paper, the extraction of fundamental quality parameters to assess the quality of welds is possible from the 3-D model remotely obtained with the SLS. This procedure enables the extraction of metric information about the thickness and the angle deformation of the welds for each point of the weld and the results can be interpreted both quantitatively (depth map and contour plotted) and qualitatively (by means of a non-dimensional coefficient designed ad-hoc for the evaluation process). Obtained results are validated using a ground truth based on an articulated coordinate measure machine.
Besides of the visual inspection, there are numerous nondestructive techniques (NDTs) to assess the internal and external quality welds (e.g. ultrasound test, radiographic test, magnetic particles test, eddy current test and others). However, direct optical weld evaluation is usually the most frequent technique in a visual inspection (usually first technique of inspection process). The visual inspection of welds is an important and generalist test, applied to the detection of superficial geometrical imperfections and flaws, the most frequent defects in welds [5] . This is implemented by the welding inspector and, normally, handle gadget kits are used in order to measure the main features of the weld (e.g. width, height of face, longitude, etc.) to evaluate the adequacy to the standards requirements. These typically employed gadgets are not accurate instruments and the quality of the measurements depends on the expertise and physical skills (e.g. pulse) of the inspector; reason that can produce uncertainty in the measure and, consequently, in the result of the quality evaluation. In response to this problem, recent researches have addressed the possibility of establishing 3D reconstructions techniques [6] [7] [8] oriented to the generation of weld models which allow the remote three-dimensional evaluation of the weld. These methods are based on close-range macrophotogrammetry [6] , [7] and metrological Articulated Coordinate Measure Machine (ACMM) [7] , [8] . It is also remarkable the endoscopic photogrammetry which has been used to detect and evaluate joints in pipes [9] . Other interesting novel works in this topic uses the active thermography technique [10] as in-situ non-destructive test for welds [11] , detect and measure cracks [12] , and even the depth of the crack through mathematical procedures [13] , [14] . Other novel works are based on image analysis algorithms, as in [15] who proposes a novel visual weld recognition method using two directional lights.
In this paper, the main contribution is the application and evaluation of a technique based on Structured Light System (SLS) for the welding inspection context. SLS sensors are commercial devices oriented to the threedimensional reconstruction of surfaces. Structured light-based depth cameras emit light patterns and extract the geometrical depth information of the scene-based on structured-light triangulation [16] . The price of this type of systems is lower than other active techniques because only a camera and a projector are necessary [17] ; in addition, the simplicity, versatility and operational ease provided by these systems make their application suitable for weld inspection. On the contrary, their performance in terms of accuracy is often lower. The operating principle of SLS is the active triangulation approach [18] . A SLS is conformed by two independent devices ( Fig. 1) : (i) a light projector which projects bi-dimensional patterns of non-coherent light; (ii) a camera sensor which acquires geometrical information for each point of the scene in the projected surface. Projector and camera work under the command of the control computerized unity which is used to synchronize them. The depth information for an object point is extracted from the intersection between the projected patterns and the depth patterns of the target [19] (Fig. 1) . The patterns are time-encoded to match the projected and recovered ones. The differences of the pattern shapes captured by the camera when there are different values of depth in the scene allow the computation of depth value for each point.
The quality criteria in welding inspection involve many different measurement parameters, most of these established in the international standards [1] [2] [3] . In this case, two features are considered to assess the quality of the weld: (i) the excess-thickness zones using a new approach and (ii) the angular misalignment following the approach for close-range photogrammetry established in [7] but novelty adapted for the SLS technique. These two important parameters have been chosen due to the difficulty to evaluate and quantify them during the visual inspection phase. For this reason, the proposed method does not have precedent and supposes an important help for the welding inspector during the visual inspection phase.
II. MATERIALS AND METHODS

A. Materials
The materials used for this work consist on a structured light system (SLS) and a specimen of high-requirements weld. The first is used to extract the three-dimensional geometry of the second.
The SLS used is a commercial DAVID SLS-1 scanner (Table I) , which uses the structured light 3D scanning sensors, which allows to reconstruct fast texturized 3D models. Fig. 2 . Up: Data acquisition scheme using the structured light system for the weld. Down: The light projector and the camera sensor are placed at the same height, separated 700 mm, and orthogonal to the weld (ship's hull).
The DAVID SLS-1 is equipped with a high definition video projector with a large focus range and stable glass calibration panels. It has a camera and lens enabling double the resolution down to 50 microns (0.05 mm).
The specimen used for the study consists on a welded metallic plaque (ship's hull) 300 mm × 25 mm (Fig. 2) .
The welding procedure used is Tungsten Inert Gas (TIG) welding. This typology of specimens was chosen due to the high usability of both the material and the welding procedure in the structural and mechanical sectors, mainly in naval engineering sector. In order to ensure the quality and security of the weld, the height of the face of the weld (thickness) with respect to a surface plane should not be less than 3 mm according with the shipbuilder's criteria and the welding standards. If the thickness is higher, it would exist an excess material imperfection, which could be highly detrimental in terms of safety and structural integrity.
B. Methodologies
The designed methodology allows the extraction of qualitative visual information (depth map) and quantitative parameters from the three-dimensional model obtained with the SLS. It is useful that the welding inspector has a preview overview of the overall quality of the welds. In this way, the qualitative parameters can be used to provide a fast feedback of the surface quality of the weld, while the quantitative results are physically measurable, so the extracted information is more accurate, allowing an objective and depth assessment of the surface quality. These parameters are the angular threedimensional misalignment (AM), the excess thickness, which is evaluated through two ratios: linear severity (LS) and surface severity (SS). The parameters have been chosen because of the difficulty to measure them with traditional gadget kits within the visual inspection context. In this way, the comparison of these parameters with respect to the ground truth extracted using an ACMM system allow us to assess the quality of the SLS method in terms of geometrical fidelity [20] .
1) Data Acquisition:
The disposition between the SLS and the examined weld is shown in Fig. 2 . This disposition was experimentally chosen in order to obtain a correct adaptation to the geometry of the weld. In this way, the most suitable disposition was the frontal location of the camera in order to avoid perspective distortions and occlusions, making easier the data acquisition protocol in the shipbuilding sector.
2) Data Processing: The 3D model generated by the SLS was processed in different phases in order to enable the semiautomatic extraction of quality parameters. The scanner software gives a meshed model of the weld but the vertices of the faces were extracted as point clouds using Cloud-Compare [21] . Once the point clouds were extracted, the extraction of quality parameters was carried out according to Fig. 3 .
3) Misalignment Test: Misalignment in welds is an important imperfection that has to be tested [7] . The angular misalignment is an angular distortion with respect to the desired angular position of the two welded elements (desired angle between welded elements [3] ). While the standards [1] , [2] cover the misalignment in the normal to welded surface plane, the proposed method goes further and reveals the three-dimensional misalignment. In this case, for a butt-weld, the desired angle between the welded plaques is 0 rad, but the quality weld standards could stablish a tolerance for the misalignment value, allowing a light deviation with respect to the adequate angle.
In particular, in the misalignment test, a weld reference plane has to be generated. It consists on the extraction of fitted planes of each plaque in the non-welded zone (control zones) (Fig 4) . The control zones are established following the indications exposed in [7] : the regions of the plaque closer to the weld bead and the borders are discarded due to the possible deterioration of the zone and the possible distortion problems in the reconstruction. The width of the excluded areas is the third part of the width of the weld beam (Fig. 4) . By means of a Principal Component Analysis (PCA) applied for the points into the two control zones it is possible to extract the normal vectors of the fitted planes, accordingly to the methodology shown in [7] . PCA is a procedure to obtain the three vector components of the data through the computation of eigenvectors from the covariance matrix extracted from the three-dimensional coordinate of the points. Considering this segmented point cloud with n points with coordinates x, y, z for each point of the generated cloud (1), the covariance matrix (2) for each of them is calculated from the matrix of points (W). The covariance matrix (C) has the values of the variance in the principal diagonal (2) . The eigenvectors of the covariance matrix C are obtained from the three eigenvalues calculated following the diagonalization process of matrix C. These correspond to the principal components of the spatial distribution of the points. The eigenvector associated to the smallest eigenvalue (λ 0 ) indicates the normal direction to the fitting plane.
With the coordinates of the normal vectors (λ 0 1 , λ 0 2 ), the three-dimensional angular misalignment between the welded elements is extracted. The results obtained for the welding misalignment were validated with a ground truth established by an ACCM.
4) Segmentation Process:
Once the misalignment test has been applied, a segmentation of point cloud is implemented. In this way, two different parts are obtained: (i) the weld bead and (ii) the non-weld zone. This last part is used to fit a reference plane in order to generate a depth map. Particularly, this reference plane is fitted through the same PCA process established in the previous section using the points into the two control zones (Fig. 4) .
Following this procedure, the reference plane is generated and the weld bead is extracted based on the intersection between the reference plane and the full weld point clouds model (Fig. 3) . The study of the relationship between the reference plane and the weld is analysed in the next points.
5) Computation of Distances:
Once the reference plane has been created and the weld bead segmented, the computation of the distances between each weld point and the reference plane allows the extraction of the depth map. The depth map is a 2.5D element (bi-dimensional information over image but each pixel has a depth information) which allows the quick and global evaluation of the geometrical quality of the weld, enabling the fast detection of excess weld metal (excessive thickness), depressed zones (low thickness), overlaps and other important flaws and imperfections established in the quality standards [1] [2] [3] .
6) Extraction of Excess Thickness Zone: Based on the depth map it is easy to segment points with a specific thickness (e.g. points over the threshold value of 3 mm), allowing to obtain possible pathologies along the weld surface. Particularly, a clustering strategy based on label connected components processing is applied [21] . This process brings together groups of points (clusters) based on its spherical vicinity whose diameter is fixed manually.
Once this quality control has been applied, those points clustered as excess of material are projected over the reference plane and fitted using a 2D polygon for each of them by a convex hull [22] . The fitted polygon generated is exported as a raster image and its surface can be measured allowing the extraction of excess thickness area.
7) Extraction of Quality Control Parameters:
The quality control parameter established in the beginning of this section are the angular three-dimensional misalignment (AM) [7] and two new non-dimensional parameters introduced ad-hoc for this goal: excess thickness, which is evaluated through two novel ratios, ad-hoc designed for the proposed procedure: linear severity (LS) and surface severity (SS).
The AM is directly extracted from the plane fitting procedure described in subsection II.B.3 following the equation (3) .
The The cosine of the angle between two vectors is equal to the dot product of these vectors divided by the product of vector magnitude (3). AM is extracted from the arccosine of the expression The excess of material (excess thickness) is evaluated from the linear severity (LS) and the surface severity (SS) once the excess thickness zone is extracted from the point clouds, considering the threshold value of thickness, in this case 3 mm.
The LS coefficient (4) relates the maximum value for the thickness of the weld (T M ) belonging to the excess thickness zone clustered (subsection II.B.6) with respect to the maximum thickness value established (T U ) for the typology of ship weld, in this case 3 mm.
The SS coefficient (5) relates the surface projected in the reference plane (excess thickness zone) (S M ) with respect to the total area of the projection for the full weld (S).
Using these proposed ratios, the assessment of the weld quality is possible. A hypothetical weld that meets the specifications of quality will comply with the following conditions: absence of excess material: correct thickness (L S ≤ 1 ∪ SS ≈ 0) and absence of angular misalignment ( AM ≈ 0). If the weld does not fit these conditions supported by the standards, the weld should be rejected or repaired. However, in actual practice, the severity of existent defects has to be evaluated in order to obtain the repair priorities. Even, sometimes, based on the criteria of quality expert, slight deviations with respect to the quality parameters would be allowed if the security features are guaranteed. 
C. Validation of Results Using an Articulated Coordinate Measure Machine (ACMM) Metrological Arm as Ground Truth
The validation of the three-dimensional misalignment result (AM) is obtained from the ground truth extracted using an ACMM (Hexagon Romer RS2 Integrated Scanner). This metrological instrument can work in two different modes: manual probing (direct contact) and scanning (laser). The first of them is used to check the misalignment through probe recognition, since yield a higher precision than the line scanning option. The precision of the ACMM is provided by the manufacturer, being ±49 μm. For the validation of the misalignment results, the angle will be measure in this form, probing on 12 points (6 for each welded plaque) in order to generate fitted planes for each plaque which allow measure the angular three-dimensional misalignment.
For the validation of SS and LS ratios, a new point cloud for the weld is extracted using the ACMM in scanning mode. This scanning mode provides a real accuracy of ±84 microns according [8] . The procedure established in subsection II. B. is applied again in order to generate the new point clouds from the ACMM system.
III. RESULTS
A. Three-Dimensional Weld Model and Qualitative Results: Depth Map and Contour Plot
The procedure described in the methodology is implemented and the three-dimensional weld model based on point cloud is extracted from the SLS data acquisition procedure (Fig. 5) . In this way, the result is a full 3D model of 876,114 points.
Over the full model, the misalignment test (Fig. 3) is applied (subsection II.B.3), obtaining an AM of 0.0443rad.
Once the misalignment test has been applied, a segmentation (Fig. 3) of the point cloud is implemented (section II.B.4). In this way, two different parts are obtained: (i) the weld bead and (ii) the non-weld zone used to fit the reference plane.
Computing the normal distances between the reference plane and the segmented weld model (subsection II.B.5), a depth map is obtained and each point of the segmented point cloud is assigned with a concrete value of depth (thickness of the face of the weld in this case) (Fig. 6) .
Once the distance for each point has been computed, the depth map rasterized (Fig. 7, up) is extracted from the point cloud in order to ease the global quality assessment Segmented weld point cloud. Each point contains a depth data (computed distance between the point clouds and the reference plane) on a colour scale. In red the more thickness points and in blue the less thickness points. Fig. 7 . Top: Depth map extracted from a rasterizing of the computed distances between the reference plane and the weld bead point. Bottom: Result of the application of the contour line processing for the depth map in order to limit the different depth zones for the qualitative study.
of the weld (Fig. 3) . In addition, several contour lines (10 levels of contour) are extracted to delimit the different depth zones (Fig. 7, down) . In this contour map a differentiated excess weld metal zone can be easily detected on the right (red zone).
B. Quantitative Results and Validation
The value obtained for the AM using SLS is 0.0443 rad (2.54°) while the value of ground truth obtained with the ACMM (considering 12 probed points, following the subsection II.C) is 0.0438 rad (2.51°). The relative deviation between the two methods is 1.14 % (Table II) .
The maximum depth value (maximum thickness, T M ) is extracted from the segmented weld point clouds (Fig. 6 ) of the excess material zone, being this 3.768 mm. The LS ratio (4) is calculated based on the relation between T M and the maximum allowed value for thickness (T U = 3 mm). In this way, using SLS, LS results is 1.256. This value is higher than 1, so, it means that the weld does not comply the quality criteria. However, if it is established a criteria decision based only on LS, a single undesired point could cause a negative evaluation (may be an outlier point from the reconstruction). So, this criterion is strengthened with the SS ratio.
For extracting the SS ratio (5), the point cloud of the weld is thresholded above 3 mm. This is achieved through the discrimination of the points which have a value higher than the threshold value (T U ). These selected points (Fig. 8) are projected over the reference plane to fit a 2D polygon and estimate the surface of the projection zone (Fig. 9) , by a convex hull [21] . The result of excess thickness surface projected over the reference plane is 266.71 mm 2 (Table II) . The total surface of the weld calculated from the weld model is 7,268.72 mm 2 . Consequently, SS is 0.0367 (Table II) for the model generated from SLS system. If SS is higher than 0, the weld does not comply the quality criteria, so, in this case, the tested weld is not correct, although the deviation could be admitted under Extraction of excess thickness surface using SLS system and ACMM system (ground truth) and comparison procedure followed to extract the commission and omission error. The surfaces generated with the two methods (black colour) are compared.
certain conditions depending on the welding requirements (SS coefficient could result low, near to zero).
Once the SS and LS ratios have been extracted using the based on SLS point cloud model, a validation procedure is implemented according with subsection II.C. In this way, the same ratios are extracted using the ACMM system for the assessment of excess of thickness (SS and LS) (Fig. 9) .
In order to do a depth comparison between the SS values for the two methods (ACMM and SLS), the comparison process established in subsection II.C is followed (Fig. 9) : the point clouds for each scanning method (ACMM and SLS) are segmented in the same way over the threshold value (3 mm) and the label connected components processing is implemented for clustering. The excess of material zone projected on the reference plane is also extracted as image from the ACMM point cloud, following the same procedure. The comparison between the extraction of excess thickness area between both techniques (SLS and ACMM) is done using image differentiation and following the method described in subsection II.C, providing the corresponding omission and commission errors (Table II) .
The SS ratio is extracted for both techniques (SLS and ACMM), which represents a slightly variation from one method to another (Table II) . The assessment of the excess thickness of the weld through the analysis of non-dimensional ratios allows obtaining a more realistic value. In our case, a relative deviation of 4.18 % is obtained, whereas with respect to the comparison of the absolute surfaces, the commission error is 26.98 % and omission error is 30.41 %.
Working with SLS methods, errors in Z direction (depth) are normally more pronounced than X-Y error (surface plane). As the dimensional surface ratio (SS) does not give concrete information about the spatial coincidence of the two excess thickness zones (ACMM and SLS), the study of the commission and omission errors is also calculated in order to evaluate the spatial positioning of the zones (being higher than the deviation of SS).
On the other hand, the results for the LS ratio are satisfactory. LS is similar for the two methods and the discrepancy between them (barely 0.48%) could be due to the slight reconstruction error in depth direction (Z component involved in (4)). Since this parameter is directly related to the excess thickness, the Z component becomes very relevant, and the SLS errors could affect it (e.g. binarization errors of the pattern due to the surface finish, limitation of projector spatial resolution and/or base-to-height ratio of the system).
IV. CONCLUSIONS
In this paper, a low-cost SLS has been analysed and tested for the inspection of welds. SLS is an active sensor, so it is not necessary to scale the results, allowing to obtain directly the metric of the model. Using SLS a full weld point clouds model is generated.
The weld bead can be segmented from the full point cloud model following the automatic process established in Fig. 3 . Once the point cloud is segmented, the extraction of computed distances between the weld bead model and the reference plane enables the generation of a depth map of the weld. This output can be used to perform a fast qualitative evaluation of the geometrical quality of the weld or using a contour plot processing in order to delimit the different depth zones.
In order to implement a quantitative analysis for the inspection of weld: three-dimensional misalignment (AM) and the excess material (excessive thickness) are chosen due to the difficulty to measure them in-situ by the welding inspector. Particularly, the excess material zone is assessed using two ratios: LS and SS. The first relates the maximum value of thickness with respect to the threshold value allowed for this type of weld. The second relates the surface of excess material zone with respect to the total surface of the weld bead.
In this way, a new procedure for the remote evaluation of the three-dimensional misalignment and the excess material has been raised. This procedure allows the evaluation of the quality of the weld and allows the record of the results in order to compare the geometric quality at different times, which can be really useful for preventive maintenance works.
The results are validated through the evaluation process, using a ground truth extracted with an ACMM. The AM result obtained using ACMM arm presents a low deviation (1.14 %) with respect to the ground truth. The ratio LS also presents a good adequacy (0.48 %). However, the SS ratio presents controversy. In particular, the comparison between absolutes values of surface shows a greater deviation (commission and omission error: 26.98% and 30.41%, respectively). These absolute errors can be caused by the spatial error in Z direction in the SLS. So, the relative error associated to the SS ratio is better than the result of the comparisons of the absolute values of the surfaces. Future works will delve into new methods that allow to obtain the excess material surface with higher fidelity.
Summarizing; three-dimensional reconstruction of welds is a current research topic. There are research papers which explain different scanning procedures for welding inspection. Within these works, close range photogrammetry [6] and laser scanning [7] , [8] have been raised for this goal. In this paper, an indirect comparison between two active sensors, ACMM system and the SLS, for welding inspection is presented. The results obtained by the ACMM system are always more accurate than the results obtained using the SLS because the first sensor is a metrological instrument concretely designed and calibrated to have the least possible uncertainty, while the second is a low-cost three-dimensional reconstruction method for multidisciplinary uses (even, integrated in smartphones [23] ). However, the cost difference between both methods (the ACMM is approximately 20 times more expensive than the SLS) justifies further research about the scope of the relationship features-cost of the SLS based on welding requirements.
